-AIM  212 


UNCLASSIFIED 


CMEHICAL  BLISTEAING:  CELLULAA  AND  HACDOHOLECULAA 
COHPONENTS<U>  MICHIGAN  UNIV  ANN  ADBOD 
I  A  BERNSTEIN  ET  AL  IS  NOV  87  DAND17-8R-C21M 

F/e  15/6.  2 


1/1 


Chemical  Blistering:  Cellular  and  Macromolecular  Components 


Due  FILE  copy 


Annual  Report 


l.A.  Bernstein 
M.J.  Brabec 
R.C.  Conolly 
R.H.  Gray 
A.  Kulkarni 
R.  hitra 
F.L.  Vaughan 


November  15,  1985 


Supported  by 


U.S.  Army  Medical  Research  and  Development  Command 
Fort  Detrick,  Frederick,  Maryland  21701-5012 


Contract  No.  DAMD17-82-C-2198 


The  University  of  Michigan 
Ann  Arbor,  Michigan  48109 


DTIC 

ELECTEI 

JAN  1  9  1988 


Approved  for  public  release;  distribution  unlimited. 

The  findings  in  this  report  are  not  to  be  construed  as  an  official 
Department  of  the  Army  position  unless  so  designated  by  other  authorized 
documents . 


URITY  classification  Of  THIS  PAGE 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
0MB  No.  0704-0188 


1«.  REPORT  SECURITY  CLASSIFICATION 

Unclassified 


2a.  SECURITY  CLASSIFICATION  AUTHORITY 


2b.  DECLASSIFICATION /DOWNGRADING  SCHEDULE 


4.  PERFORMING  ORGANIZATION  REPORT  NUMBER(S) 


lb  RESTRICTIVE  MARKINGS 


3  DISTRIBUTION /AVAILABILITY  OF  REPORT  . 

Approved  for  public  releast,  distribut: 

unlimited . 


5  MONITORING  ORGANIZATION  REPORT  NUMBER(S) 


6a.  NAME  OF  PERFORMING  ORGANIZATION 
The  University  of  Michigan 


6c  ADDRESS  (Crty,  State,  and  ZIP  Code) 


6b  OFFICE  SYMBOL 
(If  applicable) 


7a  NAME  OF  MONITORING  ORGANIZATION 


7b  ADDRESS  (C/ty,  State,  and  ZIP  Code) 


Ann  Arbor,  Michigan  48109-2029 


8a.  NAME  OF  FUNDING /SPONSORING 
ORGANIZATION 

USAMRDC 


8c  ADDRESS  (C/ty,  State,  and  ZIP  Code) 


8b  OFFICE  SYMBOL 
(If  applicable) 


Fort  Detrick,  Frederick,  MD  21701-5012 


1 1 .  title  (Include  Security  Classification) 


9  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 


DA>ID17-82-C-2198 


10  SOURCE  OF  FUNDING  NUMBERS 


PROJEa 
NO.  3  Ml_ 

62734A875 


WORK  UNIT 
ACCESSION  NO. 


Chemical  Blistering:  Cellular  and  Macromolecular  Components 


12.  PERSONAL  AUTHOR(S)  I. A.  Bernstein,  M.J.  Brabec,  R.C.  Conolly,  R.H.  Gray,  A.  Kulkarni, 


13a.  TYPE  OF  REPORT 
Annual 


16.  SUPPLEMENTARY  NOTATION 


13b.  TIME  COVERED 


14.  DATE  OF  REPORT  (Year,  Month.  Day)  15.  PAGE  COUNT 

11/15/85  3M 


COSATI  CODES 


SUB-GROUP 


SUBJECT  TERMS  (Continue  on  reverse  if  necessary  and  identify  by  block  number) 
Mustard,  Keratinocyte,  Tissue  Culture,  Alkylation,  Toxic¬ 
ity,  Chemical  Blistering,  Mitochondria,  Metabolism,  DNA 
Repair,  Epidermal  Proliferation,  Epidermal  Differentiation 


GROUP 


01 


16 


19.  ABSTka^  (Continue  on  reverse  if  necessary  and  identify  by  block  number)  | 

The  overall  objective  of  this  investigation  is  to  elucidate  the  molecular  mechanisms 
by  which  HD  exerts  its  chemical  blistering  action  when  applied  topically  to  human  skin. 

The  study  involves  the  use  of  keratinocyte  tissue  cultures  in  order  to  focus  on  the  direct 
interactions  between  the  mustard  and  the  cellular  targets.  The  technical  objectives  of 
the  project  are  to  develop  appropriate  culture  systems  for  use  in  the  investigation  of 
subcellular  and  macromolecular  manifestations  of  toxicity,  to  establish  the  credibility 
of  these  systems  for  investigating  the  molecular  mechanisms  of  these  effects  and  to  deter¬ 
mine  whether  these  systems  can  be  used  to  develop  procedures  by  which  toxic  responses  can 
be  neutralized. 

The  following\^hree  biological  systems  have  been  developed  with  which  to  carry  out 
the  study:  a  stratified  terminally  differentiating  system,  grown  at  air/liquid  inter¬ 
face  on  a  collagen  substratum  or  a  nylon  membrane  substratum  with  which  to  study  the 
effects  of  HD  on  epidermal  differentiation,  a  submerged  monolayer  of  proliferating 


20.  DISTRIBUTION /AVAILABILITY  OF  ABSTRACT 

□  UNC’..ASSIFIED/UNLIMITED  E  SAME  AS  RPT  □  OTIC  USERS 

21.  ABSTRACT  SECURITY  CLASSIFICATION 

Unclassified 

22a.  NAME  OF  RESPONSIBLE  INDIVIDUAL 

Mrs.  Virginia  M.  Miller 

22b  TELEPHONE  (/nc/udc  Area  Code) 
(301)  663-7325 

22c  OFFICE  SYMBOL 

SGRD-RMI-S 

DO  Form  1473,  JUN  86 


Previous  editions  are  obsolete. 


SECURITY  CLASSIFICATION  OF  THIS  PAGE 


18.  SUBJECT  TERMS  (continued): 

Collagen  Substratum,  Nylon  membrane  substratum. 


19.  ABSTRACT  (continued): 

keratinocytes  which  can  be  used  to  elucidate  the  molecular  and  cellular  effects 
of  the  toxicant  on  epidermal  proliferation,  and  purified  populations  of  basal 
and  differentiated  (mixed)  cells  which  can  be  compared  for  sensitivity  to  the 
toxic  effects  of  the  mustard. 

The  experimental  rationale  of  the  project  is  to  define  those  parameters  of 
toxicity  which  appear  in  the  cultures  at  the  lowest  exposures  to  HD,  e.g.  alky¬ 
lation  of  DNA,  inhibition  of  DNA  repair,  and  then  determine  the  relevance  of 
these  effects  to  the  cellular  human  skin  in  vivo.  It  has  been  determined  that 
the  effects  of  DNA  occur  at  levels  of  exposure  below  those  needed  to  cause 
an  abnormality  in  the  respiration  of  mitochondria,  glycolysis,  utilization  of 
glucose,  protein  synthesis  or  RNA  synthesis.  It  is  possible,  however,  that 
effects  on  metabolic  and  ultrastructural  parameters  are  necessary  to  obtain 
the  cellular  necrosis.  The  further  effort  of  this  investigation  is  designed  to 
determine  dose  response  curves  for  these  and  other  parameters  of  toxicity  in 
order  to  define  the  minimal  profile  of  effects  which  are  necessary  in  order  to 
observe  the  cellular  degeneration  which  is  thought  to  be  the  progenitor  of 
vesication  in  human  skin. 


!  Li  '.*  I  i  . 


// 


I.  SUMMARY 


V.  ■ 


The  overall  objective  of  this  investigation  is  to  elucidate  the  mole¬ 
cular  mechanisms  by  which  bis-(beta-chl or oethy 1 )sul f id e  (BCES>  exerts  its 
vesicant  action  when  applied  topically  to  human  skin.  The  study  will  be 
done  using  cultures  of  cutaneous  keratinocytes  in  order  to  focus  on  the 
direct  interactions  between  the  mustard  and  the  cellular  targets. 


The  technical  objectives  of  the  project  are  to  develop  appropriate 
culture  systems  for  use  in  the  investigation  of  subcellular  and  macromole- 
cular  toxic  manifestations,  to  establish  the  credibility  of  these  systems 
for  investigating  the  molecular  mechanisms  of  these  effects  and  to  deter¬ 
mine  whether  these  systems  can  be  used  to  develop  procedures  by  which  toxic 
responses  can  be  neutralized. 


During  the  first  two  years  of  this  project,  protocols  were  established 
for  growing  human  and  rat  keratinocytes  on  collagen  gel  and  nylon  membrane 
substrata  at  the  air/liquid  interface  in  order  to  produce  an  "epiderm.is"  in 
vitro  which  by  morphological  and  biochemical  criteria  was  similar  to  the 
epidermis  in  situ.  The  morphological  criteria  were  shown  to  be  satisfactor 
during  the  second  year  of  the  project.  During  the  current  year,  biochemical 
criteria  were  investigated  and  also  shown  to  be  satisfactory.  Lectin¬ 
binding  studies  have  demonstrated  that  as  in  the  tissue  in  situ,  the  cells 
in  the  culture  change  their  carbohydrate  structures  on  the  cell  surface. 
The  culture  also  exhibits  the  seme  maturation  of  keratin  peptides  as  is 
seen  in  the  intact  tissue.  This  observation  was  made  with  monoclonal  kera¬ 
tin  antibodies  having  separate  specificity  for  early  and  late  keratins.  In 
addition,  a  monoclonal  antibody  for  filaggrin  was  shown  to  localize  in  the 
granular  cells  when  applied  to  a  lifted  culture. As  yet,  these  biochemical 
parameters  have  only  been  determined  on  cultures  grown  on  collagen. 


A  second  type  of  culture  available  for  this  study  is  a  submerged 
monolayer  of  proliferating  and  early  differentiated  keratinocytes.  This 
culture  has  to  date  been  grown  on  the  plastic  surface  of  the  Petri  dish. 
Stratification  in  this  culture  is  inhibited  by  using  a  low  level  of  calcium 
ion  (0.08  -  0.10  uM)  in  the  medium.  Although  this  culture  was  reported  in 
the  literature  to  be  composed  of  proliferating  cells,  lectin-binding 
studies  have  now  revealed  that  there  are  a  considerable  number  of  early 
spinous  cells  in  the  monolayer.  This  culture  can  be  used  to  identify  target 
molecules  for  BCES  since  the  toxicant  is  always  in  direct  contact  with  the 
target  cells  in  this  biological  system.  This  type  of  culture  can  be  ob¬ 
tained  from  human  as  well  as  animal  cells. 


In  developing  the  techniques  for  obtaining  appropriate  innocula  for 
'cell  cultivation,  procedures  became  available  by  which  purified  populations 
of  basal  cells  can  be  obtained.  These  populations  are  about  981  pure  in 
terms  of  morphology  but,  again,  lectin-binding  studies  have  indicated  that 
the  preparations  have  small  percentages  of  cells  which  have  the  carbohy¬ 
drate  surface  structure  of  spinous  cells.  Nevertheless,  these  preparations 
are  sufficiently  pure  to  be  useful  in  studying  the  effect  of  BCES  on  the 
dif ferentiative  capabilities  of  keratinocytes.  In  the  process  of  obtaining 
populations  of  basal  cells,  populations  of  the  various  differentiated  types 


can  be  obtained  as  a  reixture.  Centrifugation  in  a  self  forming  density 
gradient  of  Percoll  is  used  to  obtain  these  populations.  To  date,  this 
preparation  has  only  been  obtained  from  animal  cells.  There  seems  no  reason 
to  doubt  that  the  procedure  can  be  applied  to  human  cells  as  well. 

Application  of  BCES  to  the  lifted  cultures  can  be  done  in  101  ethanol 
or  dimethyl sul f oxide ,  the  latter  being  preferred.  The  solvent  itself  has 
some  effect  on  the  culture  as  observed  biochemically  but  there  seems  to  be 
no  convenient  way  around  this  problem  given  the  solubility  and  stability 
characteristics  of  BCES. 

Preliminary  work  has  been  accomplished  directed  at  identifying  the 
most  sensitive  parameter  of  toxicity  from  exposure  of  the  culture  to  BCES. 
Lower  exposures  affected  the  integrity  and  metabolism  of  DKA  than  the 
utilization  of  glucose,  glycolysis,  protein  synthesis,  RNA  synthesis  and 
the  respiration  of  mitochondria.  At  an  exposure  level  of  5  -  10  uM  BCES, 
DNA  is  still  damaged  but  the  cells  have  some  capability  of  repairing  their 
DNA. 

Glutathione  S-transf erase  and  peroxidase,  two  enzymes  which  might 
influence  the  toxicity  of  BCES  by  inactivating  the  toxicant,  were  previous¬ 
ly  identified  as  present  in  the  epidermis  and  have  now  been  purified  from 
whole  skin. 

The  biological  systems  developed  in  this  project  are  appropriate  for 
use  in  determining  the  mechanisms  responsible  for  the  molecular  and  cellu¬ 
lar  manif estations  of  toxicity  from  BCES.  Attention  should  now  be  focused 
on  determining  the  most  sensitive  toxic  responses  and  identifying  those 
responses  which  are  primarily  responsible  for  those  manifestations  of 
toxicity  which  are  requisite  for  vesication. 


II.  FOREWORD 


The  source  of  animal  tissue  for  primary  cultures  described  in  this 
report  was  neonatal  rats  derived  from  the  CFN  strain  by  random  mating  reared 
in  the  School  of  Public  Health's  animal  facility.  This  facility  is  under 
the  supervision  of  the  University  Unit  for  Laboratory  Animal  Medicine.  The 
University  of  Michigan  is  accredited  by  the  American  Accreditation 
Association  for  Laboratory  Animal  Care  (AAALAC).  In  conducting  the  research 
described  in  this  report,  the  investigators  adhered  to  the  "Guide  for  the 
Care  and  Use  of  Laboratory  Animals"  prepared  by  the  Committee  on  Care  and 
Use  of  Laboratory  Animals  of  the  Institute  of  Laboratory  Animal  Resources, 
National  Research  council  [DHEW  Publication  No.  (Nlh)  78-23,  Revised  1978], 

The  source  of  human  tissue  was  foreskin  obtained  at  routine 
circumcisions  done  at  Women's  Hospital,  The  University  of  Michigan,  and 
provided  without  identification  of  the  donor.  The  form  utilized  to  obtain 
"informed  consent"  was  the  one  in  use  by  the  hospital  for  routine 
circumcision.  Signature  of  this  form  allows  experimental  use  of  tissues. 
The  use  of  this  tissue  for  purposes  of  the  present  project  has  received 
approval  by  a  University  Human  Subjects  Review  Committee  and,  for  the 
protection  of  human  subjects,  the  investigators  have  adhered  to  policies  of 
applicable  Federal  Law  45  CFR  46. 
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III.  NARRATIVE  REPORT  OF  PROJECT  PROGRESS 


A.  Statement  of  the  Problem  under  study 

The  overall  objective  of  this  investigation  is  to  elucidate  the  mole¬ 
cular  mechanism  by  which  bis-(beta-c  hi  or  oe  t  hy  1 )  su  1  f  id  e  (BCES)  exerts  its 
vesicant  action  when  applied  topically  to  human  skin.  The  theoretical  and 
technical  advances  which  have  occurred  in  cutaneous  biology  over  the  past 
several  decades  encourages  the  view  that  this  objective  can  be  achieved.  It 
appears  likely  that  the  most  productive  application  of  the  new  knowledge 
would  be  in  experiments  involving  cultures  of  epidermal  keratinocytes. 
Studies  in  vitro  should  allow  better  controlled  experiments  and  yield  more 
reproducible  data  then  is  true  in  vivo. 

The  technical  objectives  of  this  project  are  to  develop  appropriate 
culture  systems  of  epidermal  keratinocytes  for  use  in  the  study  of  subcel- 
lular  and  macr omol ecul ar  toxic  manifestations  resulting  from  environmental 
exposure  to  irritant  chemicals  -  particularly  BCES,  to  establish  the  credi¬ 
bility  of  these  systems  for  investigating  the  molecular  mechanisms  of 
these  effects  and  to  determine  whether  these  systems  can  be  used  to  develop 
procedures  by  which  toxic  responses  can  be  neutralized. 

The  specific  earns  which  guide  the  study  are  as  follows: 

1.  To  develop  vitro  systems  (i.e.  purified  populations  of 
basal  end  differentiated  cells)  which  can  be  used  to  elucidate  the  molecu¬ 
lar  mechanisms  responsible  for  damage  in  the  mammalian  cutaneous  epidermis 
exposed  to  BCEu; 

2.  To  identify  changes  in' roorphol ogicel  and/or  biochemical  para¬ 
meters  (e.g.  ul  t r a s tr uc t ur e ,  structure  and  metabolism  of  DNA,  enzymatic 
activity  and  physiological  function)  which  can  be  used  in  vitro  as  early 
indicators  of  the  type  of  chemical  destruction  that  is  associated  with 
intraepidermel  vesication  such  as  occurs  from  exposure  to  BCES; 

3.  To  understand  the  molecular  mechanisms  by  which  topically 
applied  BCES  causes  the  initial  preferential  destruction  of  the  epidermal 
basal  and  lower  spinous  cells,  and 

U.  To  identify  techniques  for  arresting,  reversing  and/or  neutra¬ 
lizing  the  biochemical,  ul trastructural  and  cytochemical  effects  in  epider¬ 
mal  cells  exposed  to  BCES. 

B.  Literature  Background 

1.  Anatomy  of  blistering 

Application  of  BCES  to  human  skin  results  in  an  initial  erythema 
followed  by  blistering.  Stoughton  (1971)  has  noted  that  in  vesication 
"fluid  accumulation  is  almost  always  secondary  to  fundamental  damage  to  the 
cellular  structures"  and  has  defined  a  blister  as  an  abnormal  accumulation 
of  fluid,  completely  replacing  the  pre-existing  tissue  structure,  capped  by 


a  part  or  all  of  the  epidermis."  The  blister  seen  after  exposure  to  BCES 


fits  this  description.  The  progression  to  ultimate  blistering  from  this 
agent  proceed  irrevocably  unless  the  action  of  the  chemical  is  neutralized 
within  the  first  several  minutes  of  exposure.  Warthin  and  Weller  (1919)  and 
Sinclair  (19A9)  noted  that  the  process  initially  involves  destruction  of 
the  basal  and  lower  spinous  layers  of  the  epidermis.  Presumably,  the  cellu¬ 
lar  destruction  that  produces  a  cavity  in  the  tissue  precedes  the  actual 
fluid  accumulation.  At  later  stages  in  the  destructive  process,  the  necro¬ 
sis  may  spread  to  the  upper  spinous  and  granular  layers  as  well  as  into  the 
dermis.  Blistering  is  rare  in  animals  and  appears  to  be  a  reaction  primari¬ 
ly  seens  in  man  in  whom  it  may  arise  as  a  component  of  various  cutaneous 
diseases  and  as  a  result  of  exposure  to  some  biological  (e.g.  Herpes 
virus),  physical  (e.g.  ultraviolet  radiation)  or  chemical  (e.g.  mustards) 
stressors.  The  blister  may  develop  at  different  levels  in  the  skin  depend¬ 
ing  upon  the  etiologic  agent  involved. 

2.  Biochemistry  of  blistering 

Since  different  vesicants  produce  blisters  at  different  levels  in 
the  tissue,  it  would  not  be  unexpected  if  the  biochemistry  involved  were 
different  depending  on  the  location  of  the  blister. 

Exposure  to  a  mustardin  vivo,  will  cause  separation  at  the  derm.el 
-epidermal  junction  i.e.  the  blister  appears  at  that  level  in  the  tissue. 
From  a  description  of  the  time  course  of  dermatopathol ogic  developmentd  and 
the  time  postexposure  within  which  the  process  can  be  reversed,  it  is  clear 
that  the  molecular  course  of  the  pathologic  process  is  set  within  the  first 
3  min  of  exposure  vivo.  Warthin  end  Weller  (1919)  found  that  erythema, 
inflammation  and  vesication  were  not  reversed  by  therapy  (i.e.  application 
of  c'iil or inated  lime)  initiated  after  3  min  of  exposure  to  BCES. 

The  molecular  mechanism  of  BCES's  effect  is  unknown  but  sub¬ 
stances  in  this  class  are  powerful  alkylating  agents  of  DNA  and  alkylated 
DNA  could  lead  to  inhibition  (or  at  least  delay)  of  replication,  to  gener¬ 
alized  breakdown  of  damaged  DNA  leading  to  cell  death  (cf  Wheeler,  1962) 
end  to  low-fidelity  repair  resulting  in  mutations  with  consequent  disrup¬ 
tion  of  normal  metabolic  function  (Kirner,  1946,  Wheeler,  1962)  Mustards 
can  also  alkylate  RNA  with  consequent  interference  in  the  translation  of 
genetic  information  and  protein  (Ross,  1962)  resulting  in  metabolic  disrup¬ 
tion  (Wheeler,  1962).  BCES,  being  a  bifunctional  mustard  can  also  cross¬ 
link  DNA  and  DNA  to  RNA  or  to  protein.  The  most  important  molecular  target 
appears  to  be  the  DNA  (Fox  end  Scott,  1980).  BCES  alkylates  and  cross-links 
at  the  purine  bases.  Alkylation  of  the  phosphate  groups  in  DNA  can  also 
occur.  On  the  basis  that  damaged  proteins  can  be  replaced  whereas  damaged 
DNA  may  be  irrevocably  harmed,  the  DNA  would  seem  to  be  the  most  important 
target  of  toxicity  by  BCES. 

Exposure  of  isolated  skin  to  a  vesicant  for  as  little  as  5  min, 
can  result  in  the  inhibition  og  glycolysis  and  respiration  (Barron,  et  al., 
1948).  Glycolysis  is  inhibited  by  a  lower  concentration  of  toxicant  that  is 
necessary  to  obtain  inhibition  of  respiration.  In  the  case  of  exposure 
tom.ustards,  this  effect  seem.s  to  be  a  consequence  of  a  reduced  level  of 
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pyridine  nucleotides  in  the  cell  (Holzer  and  Kroger,  1956;  Frazer,  1960). 
Recent  evidence  suggests  that  BCES  causes  a  lowered  level  of  pyridine 
nucleotides  by  virtue  of  the  stimulation  of  polyADP  polymerase  ross,  et 
al.,  196  3  ).  ' 

Glutathione  affects  the  toxicity  of  BCES  because  most  of  the  BCES 
that  enters  the  body  is  conjugated  with  glutathione  and  excreted  (Davison, 
et  al.,  1961).  .Minor  urinary  excretory  products  may  include  bis-cys  te  iny  1 - 
ethyl  sulfone  and  thiodiglycol  formed  non-enz yma t ic a  1 1 y  (Roberts  and 
Warwick,  1963). 

3.  Repair  of  alkylated  DNA 

In  bacteria,  the  ability  to  excise  BCES-al ky 1 eted  products  from 
DNA  is  associated  with  increased  resistance  to  the  mustard  (Lawley  and 
Brookes,  1966).  Apparently  both  mono-  and  bifunctional  adducts  can  be 
removed  from  DNA  since  comparable  amounts  of  induced  repair  synthesis  have 
been  observed  in  HeLa  cells  exposed  to  doses  of  BCES  and  the  analogous 
half-mustard,  both  compounds  being  equally  toxic  (Roberts,  et  el,  1971), 
However,  there  appears  to  be  disagreement  as  to  the  relative  rates  at 
which  repair  of  the  two  types  of  lesion  occur  (Reid  and  Welker,  1969; 
Roberts,  et  el,  1971).  Given  the  mechanisms  probably  involved  in  the  two 
repair  processes, it  seems  unlikely  that  removal  of  the  cross-links  could 
occur  as  quickly  as  repair  of  roonof unc t i ona 1  adducts  (cf  Fox  and  Scott, 
1980).  Intuitively,  it  appears  more  likely  that  that  the  cross-lcnk  would 
he  removed  one  arm  at  a  time  rather  then  both  arms  simultaneously  since  the 
latter  process  would  insert  a  double  strand  break  which  could  be  lethal.  Of 
course,  this  assumes  that  the  mechanism  of  repair  is  not  simple  base  re¬ 
placement.  Detailed  information  on  the  molecular  mechanisms  by  which  BCES- 
induced  lesions  in  DNA  are  repaired  does  not  seem  to  be  available. 

4.  Cultivation  of  keretinocytes 

The  two  main  types  of  cells  in  the  skin  are  fibroblasts  (dermal) 
and  ker a t in oc y t e s  (epidermal).  Only  the  ker a t in ocy t e s  existing  at  the 
dermal  -  epidermal  junction  can  double  their  DNA  and  undergo  mitosis  al¬ 
though  all  nucleated  keretinocytes  can  repair  their  DNA  (Karasek  and  Moore, 
1970;  Vaughan  and  Bernstein,  1971),  Fibroblasts  are  easily  cultivated 
using  basal  medium  supplemented  with  serum  (Earle,  1958).  Cultivation  of 
keretinocytes  requires  more  stringent  attention.  Several  systems  are  avail¬ 
able  for  cultivating  keretinocytes.  The  best  involve  use  of  a  substratum,  of 
collagen  (Karasak  and  Cherleton,  19'^1;  Freeman,  et  el.,  1976)  or  a  feeder 
layer  of  irradiated  fibroblasts  (Rhein weld  and  Green,  1975).  Conditioned 
medium  is  also  useful  (Karo,  1962)  but  not  necessary  (Pee hi  end  Hem.,  198C; 
Eisinger,  et  el,  1980). Good  growth  can  be  obtained  by  s  u  pp  1  em.e  n  1 1  ng  the 
miedium  with  growth  factors  such  as  epidermal  growth  factor  (Cohen  and 
Savage,  1979);  Rheinweld  and  Green,  1  977)  end  hormones  (Hayas'ni,  et  al, 
1978).  Vaughan,  et  al.(1981)  reported  successful  cultivation,  passage  and 
increased  plating  efficiency  of  murine  keretinocytes  after  supplementing 
basal  m.edium.  with  hydrocortisone  and  insulin. 

Most  of  the  cultures  of  keretinocytes  alluded  to  above,  form, 


monolayers  witn  some  mu  1  1 1 1  a yer in^  and  production  of  cornified  levers. 
However,  they  do  not  reproduce  structural  characteristics  typical  of  their 
counterparts  ^  situ.  There  have  been  previous  reports  of  stratification 
of  rabbit,  human  and  rat  keratinocytes  with  some  celluljar  characteristics 
similar  to  intact  epidermis  (Karasek  and  Moore,  1970;  Vaughan  and 
Bernstein,  1971;  Kitano,  1979).  Lillie,  at  el.  (1980)  cultured  rat  lingual 
epithelial  cells  at  the  air/liquid  interface  by  lifting  collagen-supported 
cultures  on  organ  culture  grids.  This  resulted  in  stratification  and  term¬ 
inal  differentiation  with  organellar  com.ponents  similar  to  the  parent 
tissue.  Modified  application  of  this  technique  to  primary  isolates  of 
cutaneous  keratinocytes  from  the  skin  of  newborn  rats  and  from  human  infant 
foreskin  in  this  laboratory,  has  produced  an  "epiderm.is”  which  by  morpho¬ 
logical  criteria  is  similar  to  that  of  the  tissue  in  situ  (Bernstein,  et 
el., Annual  Report,  DAMDl  7-62-C-2196,  Lir.iversity  of  Michigan  to  L'SAMRDC, 
November  15,  196w).  These  morphologic  criteria  include  the  presence  of 
desmcsomes,  bundles  of  intermediate  filaments  (i.e.  tonof 1 1  ament s ) ,  kereto- 
hyeline-like  granules  and  an  extensive  orthoker atotic  cornified  laver. 

C.  Experimental  Rationale  for  the  Investigation 


A  tissue  culture  of  cutaneous  keratinocytes  provides  a  biological 
system  in  which  the  direct  interaction  of  BCES  with  molecular  end  cellular 
elements  can  be  studied  without  the  system^ic  influences  which  secondarily 
affect  the  toxic  manifestations.  If  the  culture  were  to  have  the  morpholo¬ 
gical  and  biochemical  characteristics  of  the  epidermis  in  situ,  the  mode  of 
human  exposure,  topical  application,  could  be  rcimiced  experimentally  and 
the  results  would  probably  have  more  credibility  in  terras  of  application  to 
the  situation,  in  vivo.  Furthermore,  if  the  culture  were  to  use  human 


keratinocytes,  the  study  would  be  as  close  to  the  "human  condition"  as  one 
could  get  without  trauma  to  a  human  volunteer.  Therefore,  the  main  system, 
to  be  developed  in  this  investigation  was  to  be  the  stratified  term.inelly 
differentiating  culture  of  human  cutaneous  keratinocytes.  En  route,  sever¬ 
al  other  systems  would  be  used  including  a  proliferating  monolayer  of 
keratinocytes  and  cultures  of  keratinocytes  derived  from  the  skin  of  the 
newborn  ret.  Additionally,  an  effort  would  be  made  to  isolate  and  purify 
populations  of  basal  and  differentiated  cells  respectively. 


Molecular  parameters  of  toxicity  were  to  be  tested  in  the  monolayer 
submerged  monolayer  culture  to  establish  a  range  of  effective  exposures  to 
BCES.  The  intent  was  to  determine  which  indicators  of  toxicity  appeared  at 
the  lowest  exposure  and  then  to  determine  whether  these  parameters  are 
indeed  relevant  to  toxicity  as  observed  in  stratified  cultures  after 
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D.  Progress  Report  (15  September  1984  -  14  September  1985) 


The  specific  aims  of  the  original  contract  proposal  and  progress 
toward  their  achievement  during  the  above  noted  period  are  as  follows; 

1 .  T_o  develop  in  vitro  systems  which  can  be  used  t  o  elucidate  the 
molecular  mec  ham  sms  responsibl  e  for  damage  in  the  mammal  ler. 
cutaneous  epidermis  exposed  to  BCES. 

a.  Development  of  protocols  for  obtaining  stratified,  differen¬ 
tiated  cultures  of  keratinocytes 

1).  Determination  of  the  effect  of  added  factors  on  attach¬ 
ment  and  proliferation  of  keratinocytes  on  various 
substrata . 

Several  factors  are  employed  in  cell  cultivation  to 
enhance  the  attachment  and  subsequent  growth  of  mammalian  cells  vitro. 
Attachment  factors  that  vivo  seem  to  play  a  role  in  the  development  of 
epithelial  tissues,  have  been  investigated  to  enhance  attachment  and  pro¬ 
liferation.  Such  factors  ere  found  in  the  basement  membranes  of  these 
tissues  end  two  of  them,  i.e.,  laminin  and  type  IV  collagen  have  been 
isolated  in  relatively  pure  form.  Several  experiments  have  been  conducted 
using  these  factors,  alone  or  in  combination,  to  precoat  plastic  and  syn¬ 
thetic  membranes  as  substrate.  These  factors  have  also  been  compared  with 
another  biologically  active  factor,  human  fibronectin  (Collaborative  Re¬ 
search  Laboratories),  which  is  widely  used  in  cell  culture. 

Laminin  (Bethesda  Research  Laboratories)  supported  at¬ 
tachment  of  keratinocytes  to  both  plastics  and  membranes  much  better  than 
did  human  fibronectin.  In  fact,  keratinocytes  seeded  on  surfaces  coated 
with  the  latter  did  not  attach  as  well  as  they  did  on  plastics  while  those 
seeded  on  laminin  coated  surfaces  attached  better.  For  exam.ple,  20%  more 
cells  attached  to  TCK-200  filters  coated  with  laminin  than  to  untreated 
ones  although  monolayers  of  equal  confluency  usually  resulted  in  both  after 
incubation  for  7-10  days.  This  was  determined  by  counting  stained  cells  in 
a  given  growth  area.  However,  a  very  serious  problem  was  discovered  con¬ 
cerning  the  precoating  of  surfaces  with  laminin  for  keratinocyte  cultiva¬ 
tion.  After  approximately  14  days,  the  culture  began  to  detach  from  the 
surface  of  the  substrate  as  a  complete  sheet  and  the  culture  was  thus  lost. 
We  have  no  explanation  for  this  phenomenon  at  this  time  but  it  prevents  the 
use  of  this  attachment  factor  if  long-term  cultures  are  needed  for  experi¬ 
ments  . 


Type  IV  collagen  (Bethesda  Research  Laboratories)  is 
being  studied.  There  are  several  possible  biological  sources  of  Type  IV. 
The  one  that  has  been  studied  so  far,  is  proving  to  be  unsatisfactory.  It 
cannot  be  made  into  a  gel  but  must  be  air  dried  on  a  surface.  No  increase 
has  been  observed  in  cell  attachment  using  this  material  in  this  manner. 
None  of  the  attachment  factors  used  to  precoat  membranes,  increased  attach¬ 
ment  and  proliferation  of  rat  keratinocytes  over  that  seen  with  untreated 
membranes.  Untreated  nulon  membranes  obtained  from  Gelraan  produced  results 


superior  to  all  other  membranes  and  plastics  treated  or  untreated. 

b.  Submerged  low-calcium  cultures  of  murine  keratinoctes 

Cultured  keratinoc ytes  can  be  kept  as  a  monolayer  by  restrict¬ 
ing  the  level  of  Ca^*  m  the  medium  (Hennings,  et  al.,1980).  Although 
stratification  is  retarded  under  these  conditions,  differentiation  does 
occur.  As  noted  below,  the  differentiated  cells  seem  to  be  primarily  et  the 
lower  spinous  stage  of  the  keratinization  process. 

To  date,  monolayer  cultures  have  been  grown  on  plastic  sur¬ 
faces  and  not  on  collagen  or  other  substrate.  Populations  of  cells  obtained 
by  trypsinization  of  skin  were  seeded  into  culture  dishes  and  allowed  to 
grow  in  medium  consisting  of  calcium-free  .^£K  supplemented  with  1C«  Chelex- 
treated  fetal  calf  serum,  and  then  adjusted  to  0.11  r. K  Ca^w  with  calcium, 
chloride.  Such  monolayer  cultures  exhibited  the  typical  cobblestone  pattern 
of  distinct  cells  with  large  intercellular  spaces  (Figure  1).  ThcLS  culture 
can  be  maintained  for  more  than  6  weeks  end  consists  of  both  mitoticel ly- 
cepable  cells  end  cells  which  appear  to  be  unable  to  divide.  These  may  be 
differentiated  cells  since  some  of  the  cells  bind  the  Ulex  europeus  lectin. 
In  tissue  sections  of  skin,  this  lectin  binds  to  the  epiderm.el  spinous 
cells  (cf  Brabec,  et  el.,  1980).  The  methodology  of  cultivation  for  this 
preparation  were  worked  out  in  context  of  another  ongoing  project  of  this 
laboratory.  A  description  of  the  technique  and  the  morphology  of  the  cul¬ 
ture  has  been  published  (Brown,  et  el.,  1985). 

c.  Comparison  of  cytochemicel  parameters  between  epiderm.is,  in 
situ,  and  cultures  of  keratinocytes. 

Monolayer  cultures  of  ret  keratinocytes  grown  in  reduced 
Ce2+,  exhibit  lectin  binding  on  the  cell  surface  which  is  consistent  with 
the  picture,  in  situ.  Brabec,  et  al.  (1980)  demonstrated  the  binding  of 
Bendeir  aea  sir.pl  icifolia  (now  celled  Cr  if  f  onia  s  impl  icifolia) ,  Isolectin  I- 

to  the  surface  of  basal  cell  and  the  cells  of  the  lower  two  spinous 
layers.  On  the  other  hand,  Ulex  europeus  Agglutinin  I  (UEA)  was  seen  to 

bind  to  the  surface  of  the  spinous  cells  end  not  to  the  basal  cell.  Each 
lectin  binds  a  surface  receptor  having  a  particular  carbohydrate  as  the 
non-reducing  terminal  of  the  receptor  g 1 yc oc on j ug ate ,  e.g.  the  1-B^ 
me  th)'l -ci-D-gc  1  ac  tos  1  d’.'  .  nd  l’  "F.’.  to  o-L-fucose.  In  the  developing  rjono- 
layer  culture,  early  during  the  period  of  cultivation,  the  cells  bound 

prim.arily  I-B^_  Later  as  they  differentiated,  the  cells  also  bound  the 
UEA.  These  observations  in  vitro  would  be  expected  from,  the  data  obtained 
by  Brabec  et  al  (1980)  in  vivo. 

Lifted  hum.an  cultures  exhibited  antibody  staining  that  also 
was  consistent  with  date  obtained  in  v i v o.  In  cultures  grown  submerged  for 
'  weeks  and  lifted  for  3  weeks,  a  monoclonal  anti-keratin  (2D6)  which 
immunol  ocal  izes  to  only  basal  cells  in  tissue  sections  of  hum.an  skin,  bound 
only  to  cells  in  the  basal  layer  of  the  culture.  Also  AE2  entikeratir. 
(Sun,  1963)  which  localizes  over  granular  cells  i_n  situ ,  labeled  cells 
under  the  cornified  lever  in  culture. 


2.  To  understand  the  molecular  mechanisms  by  which  topical  1 y 
applied  BCES  causes  the  initie 1  preferential  destruction  of  the  epiderme 1 
basal  and  1 ower  spinous  cells. 

a.  Choice  of  solvent  for  topical  application  of  BCES. 

Studies  of  solvent  effects  on  the  culture. 

Because  of  the  ease  of  preparing  nylon  membranes  for 
keratinocyte  cultivation,  this  membrane  has  been  used  to  study  the  effect 
of  various  solvents  on  culture  viability.  The  proper,  non-toxic  solvent 
for  BCES  that  will  result  in  uniform  distribution  of  the  agent  over  the 
surface  of  the  culture  is  being  sought.  Acetone,  ethanol,  hexane  and 
methylene  chloride  as  nonaqueous  and  dioxane  and  d ime t h y 1 s u 1 f ox  id e  as 
aqueous  solvents,  are  being  considered. 

Acetone,  hexane,  methylene  chloride  and  absolute  alcohol 
were  found  to  be  quite  toxic  to  the  differentiated  cultures  when  applied 
topically.  Evaporation  was  immediate  and  the  consequent  drastic  drop  in 
temperature  may  have  caused  the  irreversible  cell  damage  which  was  observed 
as  a  decrease  in  the  incorporation  of  DNA  and  protein  precursors.  Various 
percentages  of  alcohol  were  also  evaluated  for  cytotoxicity.  The  highest 
concentration  of  ethanol  which  was  tolerable  was  found  to  be  UCZ.  This 
concentration  produced  only  mild  toxicity  from  which  the  cells  recovered. 
However,  it  was  found  that  BCES  in  methylene  chloride  does  not  dissolve  in 
40Z  ethanol  to  the  extent  desirable.  On  the  other  hand,  dimethyl  sulfoxide 
(DMSO)  was  found  to  be  satisfactory.  A  comparison  of  the  effects  of  the 
latter  two  solvents  on  the  incorporation  of  labeled  thymidine  and  leucine 
is  shown  in  Table  1.  The  data  demonstrate  that  exposure  of  differentiated 
cells  to  701  DMSO  effected  metabolic  activity  to  an  extent  that  was  similar 
to  the  effect  after  exposure  to  401  ethanol. 

DMSO  was  shown  to  be  the  least  toxic  of  the  effective 
solvents  for  BCES  thus  far  examined.  Experiments  have  been  initiated  to 
determine  the  effect  of  the  solvent  and  various  concentrations  of  BCES  on 
the  capacity  of  differentiated  cultures  to  incorporate  radioactive  precurs¬ 
ors  of  DNA  and  protein.  In  these  experiments,  lifted  cultures  grown  for  14 
days  were  exposed  to  50,  100  and  200  nM  BCES  dissolved  in  701  DMSO  for  1 
and  2  hr,  pulse  labeled  with  a  labeled  precursor  for  0.5  hr  and  then 
prepared  for  liquid  scintillation  counting  of  incorporated  tracer.  Figures 
2  and  3  show  the  incorporation  of  thymidine  and  leucine,  respectively, 
into  acid  precipitable  macromolecules  in  relation  to  the  time  of  exposure 
to  BCES.  As  shown  in  the  figures,  there  was  an  initial  inhibition  of 
incorporation  which  increased  as  the  dosage  increased.  After  the  initial 
inhibition  of  incorporation,  there  was  a  stimulation  which  exceeded  the 
control  level  as  incubation  continued.  It  appears  that  the  damage  occurs 
early  after  exposure  to  BCES  and  experiments  are  now  under  way  to  measure 
this  effect  earlier  than  30  min  after  exposure. 
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TABLE  1 


Incorporation  of  ^H-thymidine  and  l^C-Leucine  by  Lifted  Cul-tures  After 

Exposure  to  Solvents. 


Thymidine  Leucine 


Treatment 

Exposure  time 
2.5 

(Hrs ) 

2A 

Exposure  time 
2.5 

(Hrs) 

Ih- 

Untreated  control 

1185 

+ 

279 

798  +  125 

2.69 

0.6 

1.67  +  0.19 

7o:  DUSO 

658 

+ 

138 

56A  +  110 

1.27 

-f 

0.03 

1.A2  0.29 

A02  ETOH 

836 

82 

5A2  jf  162 

2.05 

+ 

0.78 

1.12  +  0.2A 

Heat  killed 
control 

83  +  21 

0.2  +  0.06 

b.  Development  of  an  assay  to  measure  fidelity  in  DNA  repair 

The  use  of  viruses  to  investigate  DNA  repair  has  become  wide¬ 
spread  (Defais,  et  al.,1983).  In  most  such  investigations,  some  modifica¬ 
tion  of  the  technique  of  "host  cell  reactivation,"  has  been  applied.  In 
principle,  this  experimental  technique  involves  infection  of  a  permissive 
host  with  a  virus  which  is  non-virulent  because  of  damaged  DNA.  The  method 
depends  on  cellular  repair  processes  to  reverse  the  damage  and  reactivate 
the  virus  to  virulence.  This  technique  is  to  be  used  to  determine  the 
efficacy  of  the  host  cell's  repair  system  and  to  evaluate  the  possible 
effects  of  a  toxic  chemical  on  the  repair  process.  By  inserting  a  specific 
lesion  into  the  viral  DNA,  it  should  be  possible  to  evaluate  the  repair 
system  for  that  particular  type  of  lesion.  This  technique  is  being  de¬ 
veloped  for  use  in  evaluating  the  effect  of  exposure  to  BCES  on  the  "error 
free"  repair  capability  of  exposed  keratinocytes. 

Specifically,  the  probe  will  be  a  heteroduplex  of  SV  AO  DNA 
containing  two  mismatched  base  pairs  which  confer  temperature  sensitivity 
on  the  large  T  antigen  genome.  This  DNA  will  be  used  to  transfect  a  culture 
of  human  keratinocytes  which  is  semipermissive  for  SV  AO.  Repair  will  then 
be  allowed  to  occur  at  a  non-permissive  temperature  so  that  only  the  re¬ 
paired  DNA,  i.e.  the  non-temperature  sensitive  genome,  will  be  transcribed 
and  translated  to  form  the  large  T  antigen.  T  antigen  must  be  made  in  order 
for  the  viral  DNA  to  be  replicated.  When  T  antigen  is  made  from  temperature 
sensitive  genome,  the  protein  is  not  stable  and  viral  DNA  is  not  repli¬ 
cated.  Repair  of  this  damaged  DNA  will  be  observed  by  noting  the  time  it 
takes  for  the  host  cells  to  repair  the  DNA  and  the  percentage  of  transfect¬ 
ed  cells  which  carry  out  the  repair.  The  end  point  assay  will  be  the 
appearance  of  new  viral  DNA  (determined  by  gel  electrophoresis)  or  the 
appearance  of  viral  plaques. 


INCORf^ORTION  OF  C-LEUCINE  AFTER 


Nine  ce/  old  ke^slinxyiss  SiltuPSE  crown  in  norms!  Cs*  ( 1 .6  mM)  we-e  used  in 
the  exorTmer;’^  Besoi  cells  wer*  isols'JC  by  the  methocs  of  oencol  ;"boisths 
end  seeded  in  35  mm  plsstic  petn  dishes  r.  the  Density  of  C.2  X  ( epproximeiely 
e  hslf  million  cells  ps.'  ml).  Cells  were  every  r.ne-  c?/  witn  fresn  ccmplw 
medium  containing  10  X  fetel  cell  serum,  insulin,  end  antibiotics. 

Pe’noa-  To  see  Oiwoemsge  induced  by  5  and  10  un  BC5S  challenge,  cultures  were 

exposed  to  both  concentretions  for  30  min  Posl-cTallenge  incubation  (PCI)  was 
csTiedout  to  see  the  changes  in  %  DS-DNA  (PCI  time  wes  12.  2A  end  ^6  hr). 
Ouantificetion  of  DtiA  oamege  wes  cerried  out  using  alxaime  unwinding  assay 
(AUA),  hydroxylepatite  chrcmalog-aphy  end  T ^ua'ametric  DMA  enalvsis.  AUA 
wes  done  for  1  nr  at  room  te,mpe"eture  in  the  oerk  using  lysis  solutibn  wnicn 
hesehign  pH  ( 12.8). 

£y.nns'j-e-  Cultures  were  9  day  Did  at  the  time  of  exposure  to  5  and  1 0  ufl  BC5S.  Expasu"^ 
time  wes  30  mtn  for  botfi  concentrations  PCI  wes  ce-neo  out  to  see  tne  changes 
in  X  DS-DtiA  ove*  time.  At  each  tine  point  by  PCI  ( 12,  2'-  and  *!6  hours),  X 
DS-DHA.  wes  meesured  by  the  essays  ocscribsd  in  msrtncxs  scctioa 

O'sc-.  Normelirin;  control  DS-DNA  as  1  OCX ,  increese  in  X  DS-DNA  efte"  5  u"  c" 

10  ur,  BCES  chelisnge  ino-cels  cross-linking  of  DNA  Tim.s  course  of  PCI  snows 
changes  in  3  DS-DNA 

Error  be^  indicate  5.E.  (sie.nDa-daTo-)  of  expe'iments  witn  siQDle  sitte  n=»A 
for  control  g^oup  end  wun  n«6  (or  BCES  exposed  groups  from  two  sepa'Bie 
experiments  In  any  cases,  S.E  <  5X 


TABLE  2 


Protection  against  BCES-med iated  damage  by  prior  exposure  to  non-toxic 

level  of  MNNG 


3CES  Duration  of  Pretreatment  control  MNNG  Pretreatment 
challenge  N  post-challenge  {vehicle  only)  2  control  double- 
(20  uM)  incubation  (hr)  2  control  double-  stranded  DNA 

stranded  DNA 


100  (a) 


118  +  k 


76  +  2 


78  +  5 


100  (b) 


113  +  5 


106  +  5- 


65  +  2 


(a)  58  ^  6  of  DNA  double  stranded. 

(b)  A9  +  3  of  DNA  double  stranded 


d.  Effect  of  BCES  on  mitochondrial  integrity 

BCES  could  interfere  with  mitochondrial  function  (cf  Section 
II,  above).  Inhibition  of  oxidative  phosphorylation  would  be  expected  to 
initiate  a  sequence  of  reactions  detrimental  to  the  function  and  survival 
of  the  keratinocyte. 

The  rate  of  lactate  production  by  cultured  cells  may  increase 
when  oxidative  metabolism  is  inhibited  (Penninck  and  Seinen,  1980;  Brabec, 
et  al.,  1984;  Miller,  et  al.,  1985).  Lactate  accumulates  at  an  increased 
rate  because  the  normal  route  of  lactate  oxidation  vie  oxidation  of  pyru¬ 
vate  and  the  Tricarboxylic  Acid  Cycle,  has  been  blocked.  The  rate  of  lac¬ 
tate  production  may  also  be  stimulated  as  the  rate  of  glycolysis  is  in¬ 
creased  to  supplement  the  production  of  ATP  by  extra-mitochondrial  routes. 
Therefore,  production  of  lactate  by  cultured  keretinocytes  could  be  a 
method  of  indirectly  determining  whether  exposure  to  BCES  results  in  an 
inhibition  of  mitochondrial  function  in  these  cells. 

Confluent  6-day  old  cultures  produced  lactate  in  a  linear 
manner  for  at  least  10  hours  (Figure  6).  Dinitr ophenol  (50  uK)  stimulated 
the  rate  of  lactate  accumulation.  Addition  of  carrier  solvent  (ethanol  :me- 
thylene  chloride,  4:1)  to  the  medium  also  stimulated  the  rate  of  lactate 


r  •»  %  wV  ••  V  ■>.  V 


v.v.  .-.v: 


^ 


Beset  oe?^e  isoletec  greSients'  were  pitted  in  35  mm  ples'.ic  fitsnes  el 

me  density  cf  2.5  x  10^  pf  ml  end  Isd  wiUi  minimum  essentiel  medium  (HEM) 
cnteinin;  10*  fr.el  calf  serum  suppienenitd  witn  inrulin  arc  entistdtics. 

These  cultures  we.'r  oivised  inm  four  p-ouss  fx  pre'.rer.meni  csnditicn. 

Gawp  I .  -  csnircl ,  no  premestment 

Oroup  2.  -  prttreelmnt  with  puU'rsctns  20  uH  { ^  Oe/  old  lo  6  Oey  old) 
Grouo  3.  -  pretreeimenl  with  toermidine  1 0  ufT  ( <  oeu  old  to  8  oey  c!d) 
Oruup  -  prtiresumeni  with  spermine  1 0  uM  ( ^  Ey  old  to  8  cy  old) 

Ouentification  of  DfW  Emaje  wes  cae^ied  out  usinj  alkeline  unwinoinj  assay 
(AUA).  fiyC'nxyleoalile  cnrametocrepriy,  end  riuoromeln:  DMA  analysts. 

Nine  asy  old  keretinocvtes  cultures  were  used  fc'  BCE5  exposure.  BCI5  cnallerge 
dose  was  10  uM  tx  30  mm.  After  the  cnsllenge  ocse,  cells  were  washed  once 
with  DPSS  (pH  7.4)  eno  refec  with  fresh  complete  medium  (37®  C). 

Post -Challenge  inouoenon  ( PCI )  wes  carried  out  fa"  escn  gtrup  fx  3  hours. 

In  each  pretreetment  cohditicn,  control  semples  were  ncrmelired  es  lOOX. 
Pe-oar.tage  Ci-DtiA  ma-t  l.ntn  lOOZ  indiE'.t  cross- lint  mg  c' DHA  oy  lOuH 
BC£3  xjiienge.  Three  nou-s  PCI  was  sarDtc  oul  to  sae  the  cna-noes  m  DS-Dna 
( Z )  ir.  each  oreireaisd  snoiticn. 

Error  OS'S  mdioate  S.  E.  wnr  semoie  sist  r*«  ic."  ar:!ro:,  with  n»6  for  BCCu 
expcsed  cells  fro.T.  two  sesi-ate  expariments.  In  a/Ty  cases  S.  E.  <  5  S. 


"y  '"y'*y  "y'^'y'^y  "y  *y  "y  *y  "y  "y  'y  %•  "y  ’y  "y  *y  y  *y '"y  "y^y'^y^y'^y"^ 


Laclale  Concenlralion  (g/L) 


6 


lime  (hours) 


FIGURE  6 


,  Lactate  production  by  9-day  old  cultures  of  ret  keratinoc 
was  stimulated  by  2,4-dinitrophenol  (DNP),  an  uncoupler  o 
oxidative  phosphorylation.  Basal  cells  were  plated  in  35  m 
dishes  and  exposed  to  50  uM  DNP  for  10  hr.  Each  time  point 
represents  an  average  of  a  duplicate  deterrrn’ nation  on  each 
of  three  samoles.  CON  =  Control  . 


-h'< 


flccuroul ation.  Exposure  of  cultures  for  15  min  to  BCES  at  concentretions 
between  100  and  300  uM  inhibited  rates  of  lactate  accumulation  (Figure  7/. 
BCES  at  concentrations  below  100  uM  did  not  significantly  inhibit  lactate 
production.  This  suggests  either  that  the  rationale  for  these  experiments 
was  incorrect  or  that  mitochondrial  function  is  not  affected  by  exposure  cf 
keratinocy tes  to  a  concentration  of  BCES  which  strongly  effects  the  inte¬ 
grity  of  DNA. 


In  a  further  effort  to  determ.ine  a  metabolic  effect  of  exposure 
to  a  low  level  of  BCES  on  keratinocytes  in  culture,  protein  synthesis  was 
studied.  The  technique  involved  the  incubation  of  proliferating  cultures 
with  [•3E]leucine  (10  uCi/pl  a  te  ;1  80  Ci/mmole)  or  [  I '♦C]  1  e  uc  me  (5  uCi/rlate; 
30  uCi/mmole)  for  30  m.in  followed  by  the  addition  of  iOC  tr  ic  h  1  or  oac  e  t  ic 
acid  to  stop  the  reaction  end  precipitate  the  protein  which  was  collected 
on  filters  and  processed  for  determination  of  radioactivity  (Erebec,  at 
al.,  1974).  BCES  at  concentrations  up  to  100  uM  had  no  significant  effect 
on  the  incorporation  of  radioactive  leucine  in  the  cultures  (Table  3;. 

The  utilization  of  glucose  was  also  studied.  Cultures  of  kere- 
tinocytes  utilized  glucose  at  a  rate  of  C.2  -  C.4  m.m.ol  e/hour .  F-etes  cf 
utilization  were  stimulated  by  trif  1  uormethoxy-cer bony  1  c.vanide  phenylhy- 
drazone  (FCCP)  and  the  methylene  chloriderethencl  carrier  solvent.  BCES 
also  appeared  to  increase  glucose  consumption  (Table  4). 

It  is,  of  course,  possible  that  a  metabolic  abnormality  may  be 
a  secondary  contributor  to  the  cellular  necrosis  associated  with  exposure 
to  BCES ,  vivo.  The  reality  of  this  possibility  may  well  be  defined  in 
later  experiments  of  this  project  when,  as  contemplated  in  the  present 
proposal,  experiments  will  be  done  to  determine  whether  the  lesion  in  DNA 
caused  by  exposure  to  a  low  concentration  of  BCES,  is  sufficient  to  cause 
cellular  necrosis  in  the  culture. 

Because  mitochondrial  function  may  be  inhibited  as  a  secondary- 
effect  of  BCES  exposure,  it  was  necessary  to  determine  if  mitochondrial 
function  could  be  directly  inhibited.  Tnerefore  the  effect  of  BCES  on  the 
repiretion  of  mitochondria  from  ret  liver  was  determined.  Ret  liver  wes 
used  rather  than  epidermis  because  of  the  availability  of  larger  amounts  cf 
material  from  the  liver.  As  far  as  is  known  oxidative  phosphorylation  is 
comparable  in  the  two  tissues. 

Concentrations  of  BCES  less  than  250  uM  did  not  inhibit  the 
rate  of  respiration  of  mitochondria  from  rat  liver  with  succinate  end 
glutamate  as  substrates.  The  solvent  (methylene  chloride/ethanol)  stronglv 
uncoupled  mitochondria  and  prevented  respiration  in  assays  cf  concentra¬ 
tions  of  BCES  greater  then  250  uK.  Since  the  concentration  of  BCES  must  be 
greater  then  250  uM  to  inhibit  respiration,  it  seems  unlikely  that  mitc— 
choncrial  dysfunction  is  a  major  concomitant  of  early  toxicity  from  this 
chemical . 

The  action  of  BCES  on  the  integrity  of  mitochondrial  miemr  r  ant  s 
- r;  situ  was  exam.ined  -using  the  localization  of  Rhodam.ine  125  as  the  essev. 
.r.is  sut’Stence  tines  to  energized  mitochondrial  m.embranes  (Johnson,  et  al, 
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FIGLIRE  Lactate  oroduction  by  ret  keretinocyte  cultures  was 
inhibited  by  exposure  to  BCES  for  '0  min.  In  this 
t'.'p'cal  experiment,  3  dishes  of  cells  were  used  for 
*h  exposure  and  duplicate  samples  were  withdrawn 
•.  r  decermi nation  of  lactate. 


1980)  and  the  mitochondrial  profiles  can  be  viLsualized  by  e :  i  f  1  uor  e  sc  e  nc  t 
at  appropriate  wave  length  end  high  magnification  in  tne  light  ricrcscore. 
The  dye  diffuses  from  the  mitochondria  when  the  iT:er, Irene  is  deenergize c, 
e.g.  when  the  mitochondria  are  uncoupled  (Johnson,  ct  el. ,1  982;. 


men  r.  a ; 


.or,  a  p  r>  e  a  r  s  t : 


Preliminary  results  have  been  obtained  w.th  Rr. odamine  12; 
staining  of  basal  cell  cultures.  Cultures  have  not  been  exposed  to  bCES  a; 
this  time.  The  Rhodam, ine-stained  basal  cells  display  a  bright  area  o: 
staining  surrounding  the  nucleus  that  at  high  r. agnificatior,  app>ears  as 
fine,  dense  filagree  of  fibers  that  become  more  diffuse  toward  tne  nergir 
of  the  cell.  All  cells  dc  not  appear  to  be  uniform,  ly  brightly  steinec, 
although  all  cells  do  stain.  The  degree  of  staining  m, ay  be  a  result  of 
differentiation  that  is  presumed  to  be  different  for  each  cell  in  the  f 
ce'.-cld  be  sal  submerged  culture  maintained  in  the  low  calcium,  medium. 
Application  of  an  uncoupler  (e.g.  C.5  u  .M  p-tr  i  f  1  uor  ome  thoxy  phenylhydro- 
zone)  to  the  culture  causes  the  flourescence  to  lose  its  localized  patterr 
end  to  become  more  diffuse  throughout  the  cytoplasm..  A  cim.inution  of  total 
fluorescence  may  also  be  present  although  w’e  cannot  calibrate  the  quantur; 
yield  of  t.ne  dye  with  present  instrumentation  end  software. 


o  w  calcium,  m  e  c  i  u  m. 


Table  3 


Rffect  of  Low  Concentrations  of  BCES  on  Protein  Svnthesis. 


ireatment 

Control 

uM  BCES 
10 
30 
100 
300 


CPK/Plete 


1323  w.  388 


800  _+  377 
1507  535 

1001  -  121 

259.  260  (n=2) 


Z  Control 


m, mutes. 


Cultures  of  basal  cells  were  ex  posed  to  BCES  dissolved  in  EBBS  for  1! 
es.  The  medium  was  withdrawn  and  replaced  with  fresh  m.ecium..  Afte: 


six  hours,  the  cultures  were  rinsed  and  the  mediumi  replaced  with  EBBS 
emtaining  9.0  uCi  [3H]leucine  per  m.l.  After  30  minutes,  the  acic-preci- 
pitable  radioactivity  was  deter m. ined.  Values  8bc\'e  are  averages  cf  3 
experiments,  3  sar.ples,  per  experiment. 


\  A  . 
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TABLE  4 


Effect  of  Low  Concentrations  of  BCES  on  the  Rate  of  Glucose  Consumption 


Sample 

Glucose  Consumpti 

Control 

0.047 

uM  BCES 

20 

0.127 

50 

0.169 

100 

0.255 

300 

0.231 

e.  Development  of  techniques  to  study  metabolism  of  BCES 

The  activities  of  two  enzymes  which  could  play  a  role  in  the  meta¬ 
bolism  of  BCES  have  been  examined  in  subcellular  fractions  prepared  from 
whole  skin,  dermis  and  epidermis  of  4-day  old  rats.  The  strain  of  rat  was 
the  same  as  used  for  the  cultivation  of  keratinocytes.  The  results  of  e 
study  in  vivo  by  Davison,  et  al  (1961)  suggested  that  the  initial  glute- 
thione-BCES  adduct  undergoes  further  degradation  to  generate  different 
metabolites.  Using  optimal  assay  conditions,  the  presence  of  se/eral  en¬ 
zymes  was  established  (Table  5). 

Glutathione  S-transf erase  (GSHTr)  was  assayed  using  1-chl oro-2,4- 
di^itrobenzene  as  a  model  substrate  (Habig,  et  al.,1974).  Separation  of 
dermis  from  epidermis  was  achieved  by  a  modification  of  the  method  of 
Epstein,  et  al.  (1979).  Measurable  GSHTr  activity  was  found  in  both  the 
dermis  and  the  epidermis  (Table  6)  with  the  largest  percentage  of  the 
enzyme  in  the  dermis.  Using  a  new  rapid  HPLC  method  in  combination  with 
affinity  chr oraatoraphy  substantial  purification  of  this  enzyme  was  achieved 
from  the  whole  skin  (Table  7), 
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'ABLE  5 


The  activities  of  some  marker  and  xenobiotxc  metabolizing  enzymes  in 
subcellular  fractions  of  cutaneous  cells 

Enzyme/fraction  Enzyme  activity 


nmoles/m.in/mg  protein 

Lactic  dehydrogenase  (cytosol)  1390 

Alcohol  dehydrogenase  (cytosol)  with  NAD-  3.3 

Acetaldehvde  dehydrogenase  (mitochondria)  with  NADP-  3.6 

with  NAD-  7,2 

Acetaldehyde  dehydrogenase  (microsomes)  with  NADP+  23.0 

with  NAD-  12.0 


An  increase  in  absorbance  at  340  nm  resulting  from,  the  production  of  NADH 
or  NADPE  was  monitored.  Lectae,  ethanol  and  acetaldehyde  were  used  as  the 
substrates.  A  milliroolar  extinction  of  6.22  for  the  reduced  form  of  the 
pN’ridine  nucleotide  was  used  to  calculate  enzyme  activity.  Tissue  was 
fractionated  by  homogenization  in  0.05.M  Tris,  pK  7.4,  and  submitted  to 
differential  centrifugation  to  yield  the  different  fractions. 


Table  6 

Distribution  of  cytosolic  glutathione  S-transf erase 
(GSKTr)  activity  in  neonatal  ret  skin 

Fraction  'Volume  Protein  Total  GSHTr  Acti%’ity 

(ml)  (mg/ml)  (mg)  Specific  Total  1 

Activity  Activity  Distribution 
(nmol/min/  (nmol/ 
mg)  fraction 


Whole  Skin 

32 

0.098 

35.14 

48 

1690 

100 

Dermis 

48 

1.028 

49.34 

47 

2320 

86 

Epid  ermis 

18 

0.576 

10.37 

31 

310 

12 

3-day  old  rats  (n  =  10-20  each)  were  used.  GSHTr  activity  was  assaN’ec  ac¬ 
cording  to  Habig,  et  el.  (1974),  using  CDKB  as  a  substrate.  The  data 
represent  the  results  of  a  typical  experiment.  Similar  results  were  o't'- 
tained  in  2  additional  experiments. 


< 


TABLE  7 

Purification  of  glutathione  S-transferase  (GSHTr)  from 
whole  skin  of  3  day  old  rats.* 


traction 


Specific 
Activity 
( rol/min/mg) 


Fold 

Purification 


Rec  overy 


Crude  Cvtosol 


0.03A  +  0.007 


Affinity 

Chromatography 

HPLC-Applied 

-Recovered 


29.88  + 


1021  +  367 


106  +  20 


*GSETr  activity  was  assayed  according  to  Hebig,  et  el.  (197A),  using  CDNE 
as  a  substrate.  The  data  represent  mean  ^  S.E.  (n=3  to  7)  or  the  results 
o*-  ®  typical  experiment.  The  cytosolic  fraction  (100,000  xg  supernate)  was 
submitted  to  affinity  chromatography  on  GSK-Sepharose  4B.  The  active 
fraction  was  eluted  with  10  mM  GSE,  pH  9. A,  concentrated  by  ultrafiltration 
and  further  purified  by  HPLC  using  an  anion  exchange  column. 


Peroxidase  was  assayed  using  guaiacol  (0-methoxy  phenol)  as  a 
model  substrate  (Kimmelhoch,  et  al.,1967).  This  enzyme  was  predomi¬ 
nantly  associated  with  the  nuclear  and  mitochondrial  fractions  derived 
from  whole  skin  (Table  8).  An  approximately  80-fold  purification  of 
this  enzyme  was  achieved  starting  with  a  whole  skin  homogenate  (Table 
9)  . 


TABLE  8 


Subcellular  distribut.ion  of  the  cutaneous 
peroxidase  activity  in  3-day  old  rats.* 


Subcellular  Peroxidase  Activity 


Fraction 

( Units/mg) 

I  Distribution 

Cytosol 

0.000 

0. 

,00 

Nuclear 

0.171 

36, 

.90 

Mitochondria 

0.263 

57. 

,18 

Microsomes 

0.025 

5. 

,92. 

*Peroxidase  activity  was  measured  according  to  Himmelhoch,  et  al.  (1  967) 
using  gueiacol  as  a  substrate.  One  enzyme  unit  is  defined  as  the  amount  of 
enzyme  that  causes  a  change  of  1.0  absorbance  unit  per  min  at  470  mm.  The 
results  are  mean  peroxidase  activity  observed  in  2  separate  experiments. 
Each  enzyme  preparation  represents  pooled  material  from  20-30  rats. 


TABLE  9 

Purification  of  neonatal  rat  skin  peroxidase. 


Fraction 

Specific  Activity 
(units/mg  protein) 

Fold 

Purification 

•7 

Rec  overy 

Crude  Extract 

0.29 

1 

100 

Concavalin  A 

7.17 

24.7 

70 

Bio  Gel  P-150 

24.00 

82.0 

15 

*The  data  represent  the  results  of  a  typical  experiment.  The  details  of 
the  purification  procedures  are  given  in  the  text.  See  Footnote  to  Table  9 
for  additional  details. 
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E,  Conclusions 


1.  Obtaining  stratified  terminally  differentiating  cultures 

The  use  of  attachment  factors  appears  neither  useful  nor  necessa¬ 
ry.  This  effort  will  no  longer  be  pursued. 

The  stratified  cultures  can  be  exposed  to  BCES  dissolved  in 
lOZ  DM  SO.  It  appears  that  the  BCES  attacks  the  lower  cells  by  passing 
through  the  tissue  rather  than  around  it  into  the  medium  but  this  has  not 
been  proven  as  yet. 

2.  Proliferating  monolayers  of  ker atinocytes 

Growing  keratinocytes  in  low  calcium  medium  produces  cultures 
which  remain  as  monolayers  although  cells  in  the  monolayer  do  exhibit  early 
steps  in  differentiation.  This  culture  is  particularly  useful  for  studying 
the  direct  interaction  between  BCES  and  the  cell  since  the  toxicant  is 
added  to  the  medium  in  which  the  cells  are  immersed. 

3.  Lifted  cultures  exhibit  changes  in  cell  surface  carbohydrates 
consistent  with  those  seen  situ. 

A.  It  appears  from  preliminary  data  that  BCES-med iated  cross¬ 
links  can  be  repaired  but  other  more  sensitive  and  definitive  techniques 
will  have  to  be  applied  to  confirm  this  conclusion.  Preliminary  date  also 
suggest  that  the  pattern  of  DNA  damage  from  BCES  can  be  altered  by  inducing 
repair  synthesis  prior  to  BCES  exposure  and,  possibly,  by  supplementation 
with  polyamines.  Again  further  work  is  necessary  to  verify  this  idee. 

5.  Metabolic  effects  such  as  alteration  in  mitochondrial  respira¬ 
tion,  utilization  of  glucose,  protein  synthesis  and  RNA  synthesis  require 
higher  levels  of  exposure  than  isnecessary  to  affect  the  integrity  end 
metabolisnra  of  DNA. 

F.  Recommendations 

The  biological  systems  developed  in  this  project  are  appropriate  for 
use  in  determining  the  molecular  and  cellular  mechanisms  responsible  for 
the  toxic  manif e stations  associated  with  vesication.  Attention  should  now 
be  focused  on  determining  the  most  sensitive  indicator  of  toxicity  in  order 
to  define  the  nature  of  the  molecular  interactions  which  lead  to  toxicity 
from  BCES.  In  this  context,  the  ker a tinocyt' s  ability  to  repair  molecular 
and  cellular  damage  done  by  BCES  should  be  evaluated.  The  objective  of 
further  study  should  be  to  develop  a  profile  of  molecular  and  cellular 
alterations  in  relation  to  increasing  levels  of  exposure  to  BCES.  This  kind 
of  information  should  provide  an  understanding  of  the  kinds  of  BCES-med- 
iated  effects  which  the  cell  can  accommodate  and  identify  those  which 
exceed  its  ability  to  tolerate  leading  to  overt  toxicity. 
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